Introduction
Antibiotics are the chemotherapeutic agents that kill or inhibit the growth of microorganisms. These chemical agents are used to treat disease by destroying pathogenic microorganisms or inhibiting their growth at concentration low enough to avoid undesirable damage to the host. Antibiotics are drugs preparations which contain some chemical substances that are produced by microorganisms and by chemical synthesis. These substances at very low concentrations are known to totally destroy or partially inhibit microorganisms [1, 2] . Antibiotics have widespread application in the treatment of bacterial disease [3] .
Antimicrobial chemotherapy plays a critical role in fighting against infectious disease caused by microorganisms but antibiotic resistant microorganisms are an increasing problem of public health. The misuse of antibiotics fosters the increase and spread of Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/jpa www.sciencedirect.com antibiotic resistance, and may lead to super-infections [4, 5] . Due to increasing resistant problems, the quantification of the actual concentration of active ingredient in antibiotic preparation is critical. The effectiveness of antibiotic agents depends on many factors such as route of administration, location of infection, presence of interfering substances, concentration of the drug in the body, nature of the pathogen, presence of drug allergies and resistance of microorganism to the drug [5] . The effectiveness of antibiotics is described in terms of potency and accurate measurement of potency is critical in pharmacology to safe and proper use of antibiotics [6] .
Antibiotics are considered most commonly faked and adulterated pharmaceutical products [7] . A mild difference in the concentration of active ingredient in antibiotic preparations may have impact in actual efficacy. Therefore, quantification of active pharmaceutical ingredient (API) in antibiotic preparation is very necessary [4, 8] . The quantification of active ingredient is critical for drug regulatory agencies around the world [9] . The quantification of active ingredient in antibiotic preparations is important to obtain the same pharmaceutical equivalence of generics as compared to innovate products.
The potency of antibiotics can be determined by chemical and biological methods [4] . These methods include microbiological assays, automated chemical assays (e.g. high performance liquid chromatography (HPLC)), immunological assays (e.g. fluorescence polarization immune assay, fluorescence immunoassay) and radioimmunoassay [10] . However, the assay methodology has changed to chromatographic assays for many antibiotics as they provide quantitative measurements of the purity and the amounts and types of impurities in antibiotics. Nevertheless, a number of commercially important antibiotics continue to require potency determination by microbiological assays [11] . The measurement of antibiotic components is generally done by chemical methods such as HPLC and UV spectrophotometry, but these methods cannot provide a true indication of biological activity which is the main limitation of these methods. However, microbiological assay can precisely determine both potency and bioactivity of an antibiotic. Besides, microbiological assay does not require specialized equipment or toxic solvents [12, 13] . Impurities and related substances do not affect the results of microbiological assay [14] . It also precisely quantifies the actual concentration of active ingredient in antibiotic preparation when microbial resistant problem arises. Microbiological method is the most convenient way to determine the potency of antibiotics [15] .
A reduction in antimicrobial activity will also reveal subtle changes not demonstrable by chemical methods [16, 17] . The microbiological assay is the only standard method for the estimation of loss in the activity of an antibiotic [17] . The inhibition of microbial growth in standardized conditions may be utilized in demonstrating the therapeutic efficacy of antibiotics. However, the effective and fully characterized microbial strain is required for microbiological assay. The identification and characterization of microbial strain are performed by cultural and non-cultural techniques [18, 19] .
Determination of antimicrobial potency is extremely important for the quality control and quality assurance of antibiotic preparations. Hence, it is necessary to select practical and economical method for quality control of antibiotics [20, 21] . Recently an application of microbiological assay has been developed for intravenously administered antibiotics. This method is highly acceptable by regulating authorities to control antibiotic potency [9] . Being a biological assay, microbiological assay is subject to some biological errors, but after validating all variable parameters it is possible to obtain meaningful results and to achieve a precision similar to that of many chemical methods [14] . Microbiological assay in comparison to chemical methods measures the true response of antibiotics on biological system and is used to obtain more realistic and precise measurement of potency to overcome the antibiotic resistance problem [4] .
Microbiological assay methods
Microbiological assays are prescribed for the drug substances and preparations where the potency cannot be adequately determined by chemical means. Additionally, the resistance and sensitivity of pathogenic microorganisms is also determined by microbiological assays. These are performed daily on bacterial isolates in clinical and quality control laboratories. All microbiological assay techniques involve either diffusion of antimicrobial agent in the agar or dilution of antibiotic in agar or broth. Different designs of microbiological assay are available for the estimation of potency, bioactivity and resistance of antibiotics.
Kirby-Bauer disk diffusion method is used to determine the sensitivity or resistance of pathogenic aerobic and facultative anaerobic bacteria to various antimicrobial compounds. The pathogenic microorganism is grown on Mueller-Hinton agar in the presence of various antimicrobial impregnated filter paper disks. The absence of microbial growth around the disks indicates the ability of that antimicrobial compound to inhibit the growth of microorganism [5] . The broth dilution method involves subjecting the isolate to a series of concentrations of antimicrobial agents in a broth environment. Microdilution testing uses about 0.05-0.1 mL total broth volume and can be conveniently performed in a Microtiter plate. Macrodilution testing uses broth volumes at about 1.0 mL in standard test tubes. For both of these broth dilution methods, the lowest concentration at which the isolate is completely inhibited is recorded as minimal inhibitory concentration (MIC). In agar dilution method an antimicrobial agent is incorporated into a solid agar medium in a Petri dish. A standard concentration of organisms is inoculated onto the surface of this medium. No growth of the test organism after incubation indicates that it is susceptible at the antimicrobial concentration incorporated into the medium [5] . The agar dilution method provides a specific MIC of an antimicrobial agent.
E-test (Epsilometer test) is a quantitative method for antimicrobial susceptibility testing. In E-test, a thin inert carrier strip having antimicrobial agent is applied onto an inoculated agar plate. After incubation, the asymmetrical inhibition ellipse is produced. The intersection of the inhibitory zone edge and the calibrated carrier strip indicates the MIC value over a wide concentration range (4 10 dilutions) with inherent precision and accuracy [22] .
The agar diffusion method (Cylindrical-plate or Cup-plate) is a most widely employed method for the estimation of potency and bioactivity of antibiotics. The agar diffusion method depends on diffusion of the antibiotic from a vertical cylinder through a solidified agar layer in a Petri dish. The growth of the specific microorganisms inoculated into the agar is prevented in a circular area or zone around the cylinder containing the antibiotics [23, 24] . The principle of such assay is to compare how much of a sample under examination produces the similar biological effect as in a given quantity of a standard preparation [17, 23, 24] . The agar diffusion method relates the size of the inhibition zone and the dose of the antibiotic assayed. The relation of the diameter of inhibitory zones and the concentration of antibiotic in a solution applied in cups has been considered theoretically [1] .
Different assay designs for agar diffusion assay
Different pharmacopoeias recommended different designs of agar diffusion assays. The 2 Â 2 and 3 Â 3 assay designs are adopted by Indian Pharmacopoeia [23] , British Pharmacopoeia [24] and Brazilian Pharmacopoeia [25] . The 5 Â 1 assay design is adopted by Indian Pharmacopoeia [23] and United States Pharmacopoeia [17] whereas 3 Â 1 assay design is adopted by the European Pharmacopoeia. The use of an adequate experimental design in relation to the criteria of linearity, precision and accuracy of the analytical results are fundamental requirement. It is highly advisable to adopt an assay design which, without further effort, gives better results. The number and nature of the samples are the most important factors to be taken into account, in the selection of a design [21] .
The 2 Â 2 assay design also known as symmetrical and balanced assay is simple and effective which employs two doses of standard and two doses of sample with the same concentration. Each Petri dish includes four doses of both preparations in an alternative manner and in such a way that the number of replicates equals that of dishes (Fig. 1A) [21] . In 3 Â 3 assay design three dose levels of each standard and sample are used as shown in Fig. 1B . Six dishes were employed for each sample assayed through 3 Â 3 experimental design [26] . The 5 Â 1 assay includes five preparations of standard and one preparation of sample which is equal to the median standard concentration. In 5 Â 1 assay design, five Petri dishes were used for each assay in order to test the reference concentration concomitantly with each standard or sample concentration (Fig. 1C) [1, 27] .
In 3 Â 1 assay design, three preparations of standard and one preparation of sample equal to the median standard concentration are used. Six dishes were employed for each sample assayed through 3 Â 1 experimental designs [12] . Different designs are recommended for different purposes considering cost, errors, and simplicity of the assay. The 2 Â 2 and 3 Â 3 assays are recommendable for research and development, as they give information about the regression significance and parallelism between the standard curve and the sample that permits the evaluation of the test validity. The 5 Â 1 assay is proved to be appropriate for routine analysis in quality control laboratories where a high number of samples can be evaluated simultaneously. The 3 Â 1 assay is adequate for routine analysis in quality control laboratories, as it simplifies the test execution and the potency calculation, besides offering advantages in terms of low cost and the material involved. As per different pharmacopoeias, different assay designs and their recommended dose ratios are mentioned in Table 1. 2 Â 2, 3 Â 1 and 5 Â 1 assay designs were compared for gentamycin. The statistical analysis demonstrated that there was no significant difference between the results obtained through 2 Â 2, 3 Â 1 and 5 Â 1 assays and they were equivalent and interchangeable [21] .
Parameters used to define potency of antibiotics
Potency measurements by microbiological assays are more informative in comparison to HPLC and provide true information about the bioactivity of a given antibiotic. Several in vitro parameters can be used to determine the potency of antibiotics, including MIC, minimum bactericidal concentration (MBC), mutation prevention concentration (MPC) and critical concentration (Ccr).
MIC is considered as the standard parameter to determine the susceptibility of microorganism to antimicrobial agents. MIC can be defined as the lowest concentration of an antimicrobial agent that can inhibit the visible growth of microorganisms after [21, 27] overnight incubation [29] . MIC is used as a research tool to determine the in vitro activity of new antimicrobial agents and from such studies important data can be obtained to determine MIC breakpoints [30] . MIC is also used in diagnostic laboratories to confirm unusual resistance [31, 32] , to compare the in vitro activity of different antimicrobial agents [33, 34] , to assess the in vitro activity of antibiotic combinations against resistant organism [35] and to give dose recommendations of antibiotics [36] . MIC values indicate antibiotic potency and can only be compared within the respective classes of antibiotics. When comparing antibiotics that have the same molecular class and mode of eradication, the antibiotic with the lowest MIC is more potent because less antibiotic is required to eradicate the bacteria. Several methods such as broth dilution method [35] , agar dilution method [37] and agar diffusion method [38] have been used to calculate MIC. MBC is recognized as the standard quantitative index of the bactericidal potency of antimicrobial agents. MBC is defined as the lowest concentration of antimicrobial agent that prevents the growth of a microorganism after subculturing to an antibiotic free medium [39] . MBC values reflect the antibiotic concentration at which 99.9% eradication of bacterial isolates occurs. MBC can be determined by broth dilution methods combined with agar plate methods. The bactericidal activity of antibiotic is an important parameter for pathogen eradication; and the more potent is an antimicrobial agent, the less likely is resistant selection [40] . MIC and MBC values are similar for bactericidal agents that kill bacteria. MBC values provide less information when applied to bacteriostatic agents that inhibit bacterial growth such as macrolides.
MPC is the antibiotic concentration that allows no mutant to grow [41] , or a concentration above which bacterial cells require the presence of two or more resistant mutants for growth [42] . MPC is a new concept applied to face the increased prevalence of antibiotic resistance problems by using antibiotic concentration that can prevent the selection of resistant mutants [43] . MPC values represent the antibiotic concentration at which 100% eradication of isolates occurs. MPC can be applied to calculate potency of antibiotics, to compare the efficacy of different antibiotics against single step resistant mutants and to compare the incidence of resistant mutant occurrence [44] . Due to the increasing resistance problem of antibiotics for many infectious diseases, it is necessary to prevent further selection of resistant mutants so that a concentration of antibiotic can be attained at which no mutant is recovered even when 10 10 to 10 11 cells are plated [45] . For technical convenience and comparative purpose MPC is defined as the concentration at which no colony recovery was observed when Z10 10 cells are applied. MPC can be determined by the same agar dilution method used for determination of MIC and more (10 10 ) cells are required for MPC determination [43] . MPC has been used to examine the fluoroquinolone potency against clinical isolates of Mycobacterium tuberculosis [42] and Streptococcus pneumonia [46] . MPC testing gives a theoretical profile of antimicrobial characteristics, but has not been proven reliable in animal studies or clinical trials. An antibiotic concentration window exists in which resistant mutants are selectively amplified. The upper boundary of the window is an antibiotic concentration that blocks the growth of least susceptible, first-step resistant mutants. The lower boundary is the lowest antibiotic concentration that blocks the growth of the majority of antibiotic susceptible cells. Because the upper and lower limits of the window are measurable, antibiotics can be compared to find compounds that have narrower windows and that are best suited for administration above the upper boundary (Fig. 2) . Ccr is the minimal concentration of antibiotic that inhibits microorganism growth and prevent bacterial concentration to reach critical point [38] . Antibiotic activity can be expressed in terms of Ccr which is a parameter of the microorganism's sensitivity under particular assay condition [39] . Ccr can be two to four times greater than the MIC, which is determined under different conditions [47] .
Factors influencing variability and error in microbiological assays
Microbiological assay provides a valid measure of antibiotic activity with some problem of interference from biologically active compounds or degraded products [28] . Several factors are investigated by scientists that normally cause variation in zone diameters in conventional agar diffusion bioassay. Among these factors the most considerable factor is the unequal exposure of the individual plates at the top or bottom of the stacks. Another major variable is the variable in the time interval between pouring seeded agar in the plates and the time of applying the solution of the antibiotic to the plates [48] .
Other factors that lead to variability and error in microbiological assay include agar thickness, inoculums concentration, incubation temperature, exposure-time duration and sample preparation. Factors affecting microbial growth rates include pH and chemical composition of media and pH of buffer solution used. The effects of different pHs of buffer on the growth of different microbial strains were observed [1, 4] . The thickness of the agar layer greatly affects the resulting zone diameter. The higher the thickness of agar layers, the smaller the zone diameter. Similarly, an influence of inoculums concentration on resulting zone size is widely recognized [1, 4, 14] . Experiments were performed to determine how critical the concentration of inoculums might be, when other factors are constant [1, 4] . High inoculum concentration of test microorganism shows hazy growth appearance on the medium plate and no appearance of antimicrobial activity of antibiotic, whereas low concentration of inoculum shows light and immeasurable zone.
Variation in incubation temperature of plates in different positions within stacks (i.e., top and bottom) is unavoidable but can be minimized by enclosure of stacks in close-fitting steel cylinders and avoidance of large temperature shifts, particularly between room and incubator temperature. Chemical composition of the media can be fixed and optimized that favors rapid growth of microorganism. pH of media can be adjusted initially and maintained by the addition of hydrochloric acid or sodium hydroxide in sufficient quantities. The maintenance of pH of media is an essential step because the growth of indicator microorganism can lead to change in pH of media. It was observed that germination of Bacillus subtilis spores led to an upward shift in pH [49] .
Experimental variability in microbiological assay can be minimized by improved handling, using multiple disks or cylinders on the same Petri dish to eliminate the differential effects from growth, time and temperature by reducing the wedge effect. Variability of microbiological assays can also be minimized by incorporation of external reference plates at spiced locations and by statistical validation of method [9] . A validated agar diffusion bioassay has a capability to give high level of reproducibility and precision.
Quantification of antibiotics by HPLC method
HPLC is a chromatographic technique used for the identification, quantification and purification of individual components of a mixture in analytical chemistry [50] . HPLC is used extensively throughout the pharmaceutical industries for the quantification of antibiotics in pharmaceutical preparations. It is used to provide information on the composition of drug related samples. The information obtained may be qualitative, indicating what compounds are present in the sample, or quantitative, providing the actual amounts of compounds in the sample [50] . HPLC is used at all the different stages in the creation of a new drug, and is also used routinely during drug manufacturing. It is more attractive than the classical bioassay in terms of speed, accuracy and precision. Hence, it has largely replaced the microbiological assays to determine the antibiotic concentrations in body fluids and pharmaceutical preparations [9] .
Comparison of microbiological assay and HPLC method
When comparing the microbiological assay and chemical assay, each exhibits several advantages and deficiencies [51] . Both microbiological and HPLC methods are used to evaluate the potency of antibiotics [26, 27] and to determine drug concentration in body fluids [52] and in therapeutic drug monitoring [53] .
Microbiological assay methods are one of the most widely accepted methods for determination of antibiotic potency. However, in spite of some advantages of HPLC method, microbiological assay because of its simplicity, accuracy and inexpensiveness is still recommended as a method of choice in routine potency measurement when immediate results are not required and therapeutic regimes are known [51, 54, 55] . Validated chemical methods are also considered specific and accurate, but these tests are likely to be very narrow in their application and much more difficult to establish than microbiological test. Although automated chemical methods are more attractive than the classical bioassay in terms of speed, accuracy and precision [56] and have largely replaced the microbiological assays to determine the antibiotic concentrations in body fluids (serum, plasma or urine) [9, 53, 57] , these methods have limitations when a drug resistance against a particular antibiotic arises.
Potency estimation of antimicrobial agent by using a microbiological assay is based on its inhibitory effect on microorganism under suitable conditions. Moreover, in contrast to microbiological assays, chemical assays require expensive instrumentation and are time-consuming [58] . A validated bioassay that can be used accurately and in a reproducible manner is suitable for both research and pharmaceutical industry. Microbiological assay plays an essential role in manufacturing and quality control of antibiotic medicines [14, 59] .
However, automated assays and bioassays are frequently used and accepted by generic manufacturers as interchangeable and complementary of the other methods [17, 60] . Microbiological and chemical assays were compared to measure drug concentration in body fluid and both the assays performed equally well with a minor difference in the results [52] . Microbiological assays were found to determine higher contents of API as compared to HPLC [52, 56] . Different antibiotic concentrations in body fluids and in vitro potencies of different antibiotics by means of both assays were compared and a strong correlation was found, which reflected the accuracy of microbiological assay in comparison to HPLC ( Table 2) .
Antimicrobial activity of degraded antibiotic such as fluoroquinolone can be determined by microbiological assay and their presence can be confirmed in parallel by HPLC [64] . HPLC is used to determine the potency of antibiotics, but that is not an actual measurement of potency [59] . On the other hand, microbiological assay using a living system gives a more realistic measurement of antibiotic potency. A reduction in antimicrobial activity due to slight changes in antibiotic structure can be only detected by microbiological assay. Moreover, using a microbiological assay to measure antibiotic potency is more informative and also gives an idea about susceptibility profile of pathogenic organism to that antibiotic [65] .
Articles show that microbiological assay can be used with almost the same accuracy to determine the potency of antibiotics with HPLC. M.C. Hsu and P.W. Hsu [63] compared the percent potency of amoxicillin in capsule, injection and granule formulations by microbiological assay and HPLC method. No significant difference in the assay values was obtained by these two methods. The correlation coefficients were found to be 0.996 for capsule, 0.997 for injection, and 0.998 for granule dosage forms. The potency of amoxicillin injection obtained by microbiological assay and HPLC method is shown in Fig. 3 . Results showed a strong correlation between both the methods [63] . When a graph was plotted between the potency estimated by both the methods, a good linearity was obtained (Fig. 3 inset) .
Conclusion
Antibiotics are a type of antimicrobial agents used in the treatment and prevention of bacterial infection. The resistance of microorganism to antibiotics is one of the most serious problems around the world. To overcome the resistance problem and to safely use antibiotics, the correct measurement of potency and bioactivity of antibiotics is essential. Generally microbiological assay and HPLC method are used to measure the potency of antibiotics, but still there is controversy regarding the selection of an appropriate method among the researchers and pharmaceutical industries. The literature finding shows that both microbiological assay and HPLC method exhibit several advantages and inadequacies. Although HPLC method is fast, accurate and precise for quantification of potency of antibiotics, it can not determine bioactivity. However, microbiological assay is simple, sensitive, accurate, precise and cost effective to estimate both potency and bioactivity. Besides this, microbiological assay become the most important method to quantify the concentration of active ingredient required for the inhibition of growth of antibiotic [63] resistant microorganism. Microbiological assay has some biological errors, but after validating all variable parameters it is possible to achieve a precision similar to that of HPLC method. A validated microbiological assay can give significant results and is suitable for research and pharmaceutical industries. As HPLC is an automated fast and accurate method for the estimation of the potency of antibiotic, it is used for routine analysis in pharmaceutical industries where large numbers of samples are to be analyzed on a single day to fulfil the healthcare requirements. Both the methods should be used in parallel to obtain more realistic and precise measurement of potency of antibiotics.
